We report on confocal microscopy imaging of hybrid nanostructures composed of silver nanowires and corroles. Both nanomaterials were separated by a 30 nm thick SiO2 spacer in order to inhibit uorescence quenching. The results show that for such a hybrid nanostructure the average enhancement of the uorescence intensity reached 2.5. Importantly, the coupling to plasmon excitations in metallic nanowires leaves no eect on the uorescence spectrum of the organic molecules.
Introduction
Optical uorescence microscopy [1] is a universal method for investigating among others photophysical processes of molecules and their assemblies, interactions at the nanoscale such as energy transfer or plasmon enhanced phenomena, as well as cellular dynamics.
High-sensitivity detectors such as single photon counting avalanche photodiode modules or multiplying CCD matrices combined with sub-wavelength spatial resolution allow for studying uorescence properties of individual nanostructures [2] . The spatial resolution of a microscopy system can be improved by using liquidor solid-immersion techniques [1, 35] or via exploiting evanescent eld excitation, like in the near-eld optical microscopy [6] or total internal reection microscopy [1] .
One of the physical processes widely studied using uorescence spectroscopy and microscopy is plasmon--induced enhancement of the optical properties of uorophores placed in the vicinity of metallic surfaces/ nanoparticles [7] . It has been shown for many systems that under properly designed geometry the emission and absorption of a uorophore can be signicantly increased due to local electromagnetic eld induced by plasmon in a metallic nanoparticle [79] . In addition to simple uorophores, recently also more complex structures such as pigment protein complexes that participate in photosynthesis have been shown to improve their function upon coupling with metallic nanoparticles [1013] . The impact of plasmon interactions on the optical properties of a uorophore depends on several parameters, including the spectral properties of the building blocks of a hybrid nanostructure as well as the separation between them. For instance, when the separation is too small, typically below 5 nm, the dominant process is a quench- * corresponding author; e-mail: dtgryko@icho.edu.pl ing of uorescence due to nonradiative energy transfer to the metallic nanoparticle.
In this work we apply confocal uorescence microscopy to investigate the interaction between plasmons localized in silver nanowires and an organic molecule, a 5,10,15--tris(pentauorophenyl)corrole. The silver nanowires are special in the family of metallic nanoparticles as they are characterized with huge aspect ratio: while diameters of the nanowires are below 100 nm, their length is in the range of tens of µm. Therefore, it is possible to image them using standard microscopy. In order to control the separation between the nanowires and corroles we use a 30 nm thick SiO 2 spacer. The corroles on the other hand belong to the tetrapyrrolic family of organic molecules, resembling porphyrins and corrins.
Since developing ecient ways of synthesizing corroles [14] these molecules have gained a lot of interest, mainly from the point of view of photodynamic antitumor therapy, biosensing, and catalysis. The results of optical uorescence microscopy obtained for a hybrid nanostructure consisting of a single silver nanowire and dye molecules deposited at a xed distance show the enhancement of emission intensity due to coupling to plasmon excitations. As corroles are becoming possible building block of complex molecular dyads suitable for light-harvesting [15] this observation can be important for devising novel nanostructures for articial photosynthesis.
Materials and methods
5,10,15-tris(pentauorophenyl)corrole is one of the most studied corrols, it has been synthesized using published procedure [16] .
We synthesized silver nanowires using polyol process in which the ethylene glycol served as the reducing and solvent reagent [17] . This method gives us an opportunity to carry out reaction in the soft condition with temperatures < 200
• C and atmospheric pressure. Silver nitrate is In order to characterize the molecule, we dissolve it in HPLC grade acetone to the concentration of 0.05 mg/ml.
The nanowires on the other hand were dissolved in water with concentration adjusted to obtain OD equal to 1 for the absorption maximum. Absorption spectra of the corrole and the nanowires were measured using Perkin
Elmer Lambda 2 spectrometer. The solution was placed in a disposable quvette (Eppendorf ) and sealed on top to prevent evaporation during the measurement. Similar approach was used to measure uorescence spectra but the concentration used was 0.01 mg/ml. They were obtained using Fluorolog 3 spectrouorimeter (JobinYvon) with a xenon lamp as an illumination source.
A schematic drawing of our structure is shown in subtrates were next covered with a 30 nm thick layer of silica using e-beam evaporation technique. In the nal step corroles were deposited in a PMMA matrix. Fig. 1 . The schematics of the fabricated hybrid nanostructure. Scale between nanowires diameter and thickness of the dielectric spacer is preserved, the thickness of the dielectric spacer is equal to 30 nm and the diameters of the nanowires vary from 50 nm to 200 nm.
Fluorescence properties of the structure were studied using a home-built confocal uorescence microscope [5] based on a piezoelectric stage (E-501.00, Physik Instrumente) that enabled precise movement of the sample.
The accuracy was better than 10 nm, and the range The result of microscope imaging of both the nanowires and the corrole uorescence is shown in Fig. 3 . The reection image of the sample (Fig. 3a) measured for the 532 nm excitation laser shows clearly the position of a silver nanowire. Subsequent acquisition of the uorescence image (Fig. 3b ) of corroles allows to correlate both images in a straightforward way. The uorescence image features strong emission for corrole molecules deposited directly on top of the nanowire, while the intensity o the nanowire is considerably lower. In order to demonstrate that the corroles are distributed all over the sample we measured uroescence spectra both on and o the nanowire. The result is displayed in Fig. 4 . For both areas the uorescence spectrum is virtually identical indicating that, on the one hand, the corroles are indeed spread out on the SiO 2 spacer layer, and, on the other hand, that interaction with plasmon excitations in metallic nanowire induced no changes in the shape of the emission.
Fig . 5 . Cross-section of the uorescence map in the direction perpendicular to the silver nanowire. In the inset the actual geometry is presented. Taking into account the spectral properties of corroles and silver nanowires and the fact that a 30 nm thick SiO 2 spacer eectively inhibits the inuence of the nonradiative energy transfer, we conclude that the dominant mechanism of the uorescence enhancement is related to the increase of the absorption rate in the spectral range of plasmon resonance in the metallic nanoparticles.
Summary
The results of microscopy imaging show clearly that the uorescence of corrole molecules placed in the vicinity of single silver nanowires can be enhanced due to plasmon induced increase of the absorption rate. The ability to image rst the nanowires and then the emission of corroles allows direct and straightforward correlation between nanowire location and the region of enhanced uorescence. Upon the plasmon enhancement of the uorescence the emission energy and shape remain unchanged.
These observations can be important for improving light--harvesting eciency in corrole-based articial molecular assemblies.
